The calculation of caloric properties such as heat capacity, Joule-Thomson coefficients and the speed of sound by classical force-field-based molecular simulation methodology has received scant attention in the literature, particularly for systems composed of complex molecules whose force fields (FFs) are characterized by a combination of intramolecular and intermolecular terms (referred to herein as "flexible FFs"). The calculation of a thermodynamic property for a system whose molecules are described by such a FF involves the calculation of the residual property prior to its addition to the corresponding ideal-gas (IG) property, the latter of which is separately calculated, either using thermochemical compilations or nowadays accurate quantum mechanical calculations. Although the simulation of a volumetric residual property proceeds by simply replacing the intermolecular FF in the rigid molecule case by the total (intramolecular plus intermolecular) FF, this is not the case for a caloric property. We discuss the methodology required in performing such calculations, and focus on the example of the molar heat capacity at constant pressure, c P , one of the most important caloric properties. We also consider three approximations for the calculation procedure, and illustrate their consequences for the examples of the relatively simple molecule 2-propanol, CH 3 CH(OH)CH 3 , and for monoethanolamine, HO(CH 2 ) 2 NH 2 , an important fluid used in carbon capture. * bilsmith@uoguelph.ca 2
I. INTRODUCTION
Molecular simulations using classical Molecular Dynamics (MD) and Monte Carlo (MC) methodology are becoming increasingly employed to model both thermodynamic and transport properties in many scientific and application areas [1] [2] [3] [4] [5] . In parallel with the rapid development of computer hardware over the past several decades, their thermodynamic capabilities have evolved from the calculation of simple volumetric properties for pure fluid systems composed of spherically symmetric molecules to additional and more sophisticated properties for multi-component mixtures composed of large and complex molecules with intramolecular degrees of freedom. Caloric properties are an important class of such properties, whose members include A, G, S, U, H, C V , C P , µ JT , w s (A is the Helmholtz energy, G is the Gibbs energy, S is the entropy, U is the internal energy, H is the enthalpy, C V is the constant volume heat capacity, C P is the isobaric heat capacity, µ JT is the Joule-Thomson coefficient and w s is the speed of sound).
A primary goal of molecular simulations is material property prediction, both in cases for which experimental measurements for existing substances are unavailable or inaccurately known and for proposed new substances for which no experimental measurements exist. The underlying methodologies and the molecular models utilized within such simulations must first be validated by means of comparisons with experimental data in situations for which they are available. In the literature, the vast majority of such comparisons have involved volumetric (P V T ) properties (P is the pressure, V the volume and T the absolute temperature) and phase equilibrium properties, simulation methodologies for which are now well established. The former properties are directly available experimentally, and the latter involve experimentally measurable properties that (for pure substances) are consequences of the equality of G, T and P for the coexisting phases. Much less attention has been focussed on predictions of directly measurable caloric properties, the most important of which are the heat capacities. An indication of their fundamental importance is the fact that all thermodynamic first derivatives involving the quantities {A, G, S, U, H, P, V, T }, can be expressed in terms of a set of three such derivatives. Bridgman [6] developed a set of compact equations to express any such first derivative in terms of the members of the "fundamental set" {C P , α P , β T }, where α P is the volumetric thermal expansion coefficient and κ T is the isothermal compressibility; α P and κ T are both volumetric properties, and C P is the only caloric property in this set.
The basic input to a classical molecular simulation is a Force Field (FF), a mathematical model with specified parameter values describing the potential energy of the interacting molecules as a sum of intermolecular and intramolecular contributions. A small molecule may be modeled as a rigid geometrical body and its FF contains no intramolecular terms;
we henceforth call this a rigid FF, based on a rigid FF model. A larger and more complex molecule requires a FF model that includes intramolecular contributions; we henceforth call this a flexible FF model, and the resulting FF a flexible FF.
Under the usual pairwise additivity approximation, the sum of the intramolecular and intermolecular configurational energy of a simulated system of N molecules, U total (z), is expressed as
where z denotes all molecular coordinates, z i ≡ (q i , s i ) for i = 1 . . . N , s i denotes the 'internal', molecular frame coordinates of molecule i, and q i ≡ (r i , ω i ) denotes the 'external', laboratory frame coordinates, describing the position, r i , and orientation, ω i , of molecule i.
An example of a flexible FF model is the OPLS family, due originally to Jorgensen [7] , which is in widespread use. The OPLS FF model contains four intramolecular contributions, and is expressed as:
Most of the relatively small number of simulation studies of heat capacities and their residual values, C res P and C res V , have been performed for systems modelled by rigid FFs, e.g., [8] [9] [10] . Jorgensen was among the first to consider flexible FFs, when he calculated the enthalpy of vaporization, ∆ vap H, and C P values for several fluids. He proposed using the former quantity as a training set property in fitting the intermolecular OPLS FF parameters to experimental data [7, 11] . This methodology has been widely adopted by subsequent workers in the development and application of OPLS FFs. Other calculations of heat capacities for flexible FFs include calculations of C V for alkanes up to heptane by Escobedo and Chen [12] , of C res P and C P for the refrigerant HFO-1234yf by Raabe and Maginn [13] , of C P for a range of pure fluids by Caleman et al. [14] , and of C P and JouleThomson coefficients of fluids important in the oil and natural gas processing industry by Ungerer and co-workers [1, 4, [15] [16] [17] [18] . Careful reading of these works reveals that they used various approximations for the heat capacity calculations, which we will indicate in Section II C.
In spite of the widespread use and importance of flexible FFs for modeling the behaviour of fluids, the general methodology for calculating their residual thermodynamic properties from simulations has not been described in the literature. The goal of this paper is to describe this methodology, which also permits the calculation of the total thermodynamic property values by adding their separately obtained ideal-gas values. We emphasize caloric properties and consider a pure fluid, but the results are readily extended to mixtures. We will show that residual volumetric properties may be correctly calculated by treating the sum of the intramolecular and intermolecular potentials in the same way that the intermolecular potential is treated in the case of a rigid FF, and we will show that caloric residual properties must be calculated according to a different procedure. We also consider three approximations to the methodology. Illustrative examples are provided by calculations of the caloric properties H and C P of 2-propanol: CH 3 CH(OH)CH 3 and of monoethanolamine (MEA): HO(CH 2 ) 2 NH 2 . C P and the enthalpy of vaporization, ∆ vap H, were first considered by Jorgensen [7, 11] , and MEA is an important solvent in carbon capture processes [19] , and illustrative of a fluid consisting of a larger and more complex molecule.
In the next section of the paper, we derive the methodology, and in the following section we describe the systems considered and their molecular models, in addition to the technical details of the simulations. The subsequent section describes our results and the final section gives our conclusions.
II. THERMODYNAMIC PROPERTY CALCULATIONS

A. Rigid FFs
We first briefly review the simulation methodology for the calculation of total and residual properties in the case of a rigid FF, using a development that extends naturally to that for a flexible FF. For simplicity, we consider a pure fluid system described by the canonical ensemble at specified (N, V, T ), where N is the number of particles.
In the case of a rigid FF, the intramolecular and intermolecular degrees of freedom of the molecules are assumed not to mutually interact. The IG partition function may thereby be factored out, and the total and IG partition functions expressed as (e.g., MacQuarrie [20] )
where Q trans is the translational partition function; Q frot is the partition function corresponding to rotation of the entire molecule; Q irv is the combined internal rotationalvibrational partition function; Q electronic is the electronic partition function; Q nuclear is the nuclear partition function; and Q config is the configurational partition function, determined by the intermolecular FF u inter (z).
The translational and configurational components of Q total are given by
where the symbolic differential dz in Eq. (7) is assumed to include the appropriate Jacobian and a normalization factor to yield dz = 1. m is the molecular mass,
Boltzmann's constant and h is Planck's constant. For Q frot , the three possible different cases are described in standard textbooks [20] .
In what follows, we focus on Q irv , and write Eqs. (4) and (5) as
Eq. (9) formally defines the quantity Q 0 IG . The total value of the Helmholtz energy, A, is related to Q total and its component terms in Eq. (4) by
where ρ = N/V is the density,ã IG (T ; ρ) is the value of A IG per molecule (separately available or obtained from a quantum mechanical calculation) and superscript res denotes a value in excess of that of the ideal gas at the given ρ and T .
The important point for our purposes is that βA res arises from U inter and hence from u inter . In the case of a rigid FF, the pressure and the internal energy, U , given by
= N βũ
B. Flexible FFs
For more complex molecules (and even for small molecules at extreme conditions), the internal and intermolecular degrees of freedom may no longer be treated as completely separable, which is taken into account by modeling the quantity Q irv in Eqs. (8) and (9) by an intramolecular potential energy term U intra (z), and those equations become
where
Similarly to the case of Eq. (9) 
whereã IG intra (T ) is the intramolecular contribution to the Helmholtz energy of a single molecule, calculated from
Eqs. (12) and (23) are identical, since they are statements of the definition of a residual property. The fundamental difference lies in the details of the way in which βA
is constructed in the rigid and flexible FF cases. We show the consequences of this fact for general thermodynamic properties in the next section, which differ for volumetric and caloric properties.
C. Volumetric vs. Caloric Property Calculations for Flexible FFs
The system pressure, P , is obtained from Eq. (22) as
Comparing Eqs. (13) and (25), we see that βP and other volumetric properties obtained from it can be calculated in the case of a flexible FF in the same way as for a rigid FF by simply replacing u inter (r ij ) in Eq. (7) by the total FF u total (z i ) of Eq. (2).
On the other hand, caloric properties entail a different treatment, due to the appearance of the term N βã IG intra (T ) in Eq. (22) . For example, for the internal energy U , Eq. (22) gives
whereũ IG (T ) is the separately obtained ideal gas value of the internal energy per molecule, andũ IG intra is the intramolecular contribution to the internal energy of a single molecule.
The molar IG, residual and total internal energy values are obtained from a simulation
= u IG (T ) + u res (sim) (31) where N Av is Avogadro's number. The total and residual molar enthalpy values are
where v is the molar volume.
In terms of simulation quantities (with FF units of kJ mol −1 ),
where . . . total denotes the configurational average over states of the system occurring with probability proportional to exp(−U total /(RT )), and . . . IG denotes the configurational average for the simulation of a single molecule over states of the system occurring with probability proportional to exp(−βU intra /(RT )).
Although experimental values of u and h require the specification of a reference state, the heat capacities may be directly measured experimentally. These are given from Eqs. (29)- (34) by
= c
The ideal gas quantities c IG V (T ) and c IG P (T ) are obtained separately using thermochemical tables or quantum mechanical calculations, and the ideal-gas heat capacity c IG, intra V (T ) due to the intramolecular part of the FF can be calculated from the simulation of a single molecule.
Previous workers [1, 4, 7, [14] [15] [16] [17] [18] have focussed on h(sim) and c P (sim), and all have generally omitted the terms in Eqs. (33) and (42) involving the volume on the basis that they are very small in the liquid phase; we will examine its numerical contribution later when discussing our simulation results. The only groups to correctly and explicitly include the terms involving u IG intra in h(sim) and in c P (sim) are those of Escobedo and Chen [12] and of Ungerer et al. [18] , but their treatments were very brief and did not consider the general case presented here.
Several groups [1, 4, 7, 13, [15] [16] [17] have used only the terms involving u inter config in Eqs. (42) and (43), equivalent to the approximations
in the above expressions, which we refer to as approximation A 1 . We refer to the approximation that omits terms involving u IG intra (thus performing the calculations as for a rigid force field whose total potential is the sum of the intermolecular and intramolecular contributions) as approximation A 0 . c res P (sim) and its aforementioned approximations are:
Another approximation to the total c P value is based on the fluctuation of the system
Hamiltonian in an (N P T ) simulation [21] :
whereṽ is the volume per particle, E k is the kinetic energy per particle and σ 2 (x) is the variance of x within the simulation. Caleman et al. [14] have performed benchmark MD simulation results for several properties of a large number of organic liquids, including the total c P , for which they used this approximation. On the reasonable assumption that E k in an MD simulation is uncorrelated with the remaining quantities, and setting
, where f is the number of degrees of freedom of the FF, c P (classical) can be expressed as
The derivatives in Eqs. (46)-(48) can be obtained in an N P T simulation by numerical differentiation of the indicated quantities, or also by means of fluctuation quantities [22] .
The expressions for c res P (sim) and its approximations are summarized below in terms of fluctuation quantities.
where cov(x, y) is the covariance of x and y within the simulation ensemble, and 
Finally, we briefly consider properties arising from a difference across phases of a property at a given value of T . An example is the enthalpy change, ∆ 12 h, given by
Using approximation A 0 for each phase yields the correct simulation result for ∆ 12 h, since the u IG intra terms in each phase mutually cancel. However, using only intermolecular contributions (as in approximation A 1 ) for each phase assumes that u intra is the same for each phase. This is probably not unreasonable if each of the phases in question is solid or liquid.
We note in passing that Eqs. (22) and (23) 
III. SYSTEMS STUDIED, MOLECULAR MODELS AND SIMULATION DE-TAILS
We consider liquid state calculations both for the relatively simple molecule 2-propanol:
CH 3 CH(OH)CH 3 , which was originally studied by Jorgensen [7] , and for the more complex molecule monoethanolamine MEA: HO(CH 2 ) 2 NH 2 , an important solvent in carbon capture processes [19] . 2-propanol was modelled by the United-Atom OPLS FF of Jorgensen and MEA was modelled by the All-Atom OPLS FF of Caleman et al. [14] . All bond lengths were fixed in both cases and all bond bending angles were also held fixed for 2-propanol. The FF parameters are given in the cited papers.
We calculated h res and c res P over a range of temperatures at P = 1.01325 bar for 2-propanol and P = 1 bar for MEA. For the experimental values, we used the correlations given below; the values in parentheses indicate the T ranges quoted in the indicated references. We remark that the value of the 2-propanol c P correlation of Katayama [23] at 298. [25] , c P (2 − propanol) is from Katayama [23] , and c P (MEA) is from Rayer et al. [26] .
For 2-propanol, N P T Monte Carlo simulations were implemented using the Cassandra 1.1 suite [27] with the OPLS FF of Jorgensen [7] over the temperature range (268.15 K, 338.15 K). For all simulations, P = 1.01325 bar and N = 500. Dispersion correc-tions were applied for the Lennard-Jones interactions and Ewald summation was used to treat the long-range electrostatic forces, with both cutoffs set to 9Å. The number of MC steps (trial move attempts) in production runs was 131,072,000 with the exception of T = 298.15 K, where 524,288,000 configurations were generated. After each 1000 steps, the energy and volume were stored to calculate the averages of the quantities contributing to the approximations for h res , and their simulation uncertainties were calculated using the block average method [21, 28] . The simulations were run on a 8 Xeon X3565 @ 3.0
GHz CPU, taking approximately 50 hours per state point.
For MEA, NPT molecular dynamics simulations at P = 1 bar and N = 500 were implemented using GROMACS 5.1.3 [29] using the OPLS FF of Caleman et al. [14] over the temperature range (288.15K, 433.15K) using the leap-frog integration algorithm and a time step of 2 fs. All bond lengths were kept fixed at their equilibrium values consistent with the force field parameters using the LINCS algorithm [30, 31] . Following an initial configuration generated by random insertion, we employed energy minimization using the conjugate gradient algorithm to avoid molecular overlaps. An equilibration stage includes a 2ns run using a v-scaling thermostat and a Berendsen barostat [32] , followed by a 2ns run using a Nosé-Hoover [33, 34] thermostat and a Rahman-Parinello barostat [35] .
The production stage consists of a 20ns using a Nosé-Hoover thermostat and a RahmanParinello barostat. The time constant τ t = 1 ps was used for all thermostats and τ p = 5
ps for all barostats. The compressibility for the barostats was 5 × 10 −5 bar −1 . Dispersion corrections were applied for the LJ interactions and particle-mesh Ewald summation was used to treat the long-range electrostatic forces. The cutoff radii for the LJ and Columbic potentials were 1.1nm and the cutoff radius for the neighbour list was 1.1 nm; the latter was updated every 10 time steps. Since GROMACS treats some intra-molecular terms as inter-molecular quantities, we wrote our own code to calculate u config inter and u config intra from the configurations generated by GROMACS. All GROMACS simulations were run on a GPU cluster (NVIDIA Tesla K20m GPU + 16 Xeon E5-2680 v2 @ 2.8 GHz CPU), taking approximately 4 hours per state point. c IG,intra V (T ) for 2-propanol was calculated using the MATLAB [36] script shown in Fig.   1 . It was calculated for MEA by simulating a single molecule in Cassandra 1.2, since we found this approach to be more more precise than using GROMACS, due to the latter's inherent temperature fluctuations. The ideal gas MEA molecule was fixed at the centre of a cubic box of volume V = 1 nm 3 . 10 6 MC steps were used for a production run, with each run takes less than 10 minutes on a desktop (2 GHz Intel Core i7 CPU).
At each state point, we calculated all quantities and their uncertainties from 10 independent simulation runs.
IV. RESULTS AND DISCUSSION
A. 2-propanol
The simulation results for the quantities contributing to u res (sim) in Eqs. (30) and (31) for 2-propanol at P = 1.01325 bar are given in Table I . As indicated in the table caption, the contribution of the P v term to h res (sim) in Eqs. (33) and (34) is very small and can be neglected. u inter config is seen to be the dominant contribution to u res (sim) and to its approximation A 0 (which omits u IG intra ), and is the sole contribution to its approximation A 1 . u intra config and u
IG, intra config
are shown as open symbols in Fig. 2 .
The temperature dependence of u res (sim) and its approximations is shown in Fig. 3 .
Due to the near coincidence of the values of u intra config and u
IG, intra
config , A 1 is seen to be an excellent approximation to u res (sim). In contrast, A 0 , which performs the calculation of u res as if 2-propanol were a rigid molecule and thereby omits the quantity u IG intra in Eq (30), is a relatively poor approximation.
As noted in Section II C, c 
and calculated c res P (sim) and its approximations analytically from the relevant derivatives; the standard deviation of the prediction at each T i may be calculated from the relevant regression parameters and covariance data given in Table II, [25] , using the regression coefficients in Table II, We remark in passing that an "internally consistent" use of the classical approximation includes its application to the ideal-gas case, which yields
Subtracting this from the total value of c P (classical) of Eq. (51) 
The simulation results for the quantities contributing to u res (sim) in Eqs. (30) and (31) for MEA at P = 1 bar are given in Table III , and the temperature dependence of u res (sim) and its approximations are shown in Fig. 6 . As in the case of 2-propanol, u inter config is the dominant contribution to u res (sim) and its approximations, but for MEA the u intra config and u IG intra data show a greater temperature dependence and mutually differ more markedly than for the simpler 2-propanol molecule. Also, for MEA the latter quantity is always greater than the former, opposite to the case for 2-propanol. Both behaviours are shown by the filled symbols in Fig. 2. A 1 is generally a reasonable approximation The MEA simulation results for c res P (sim) and its approximations are compared with each other and with the experimental values in Fig. 7 . As indicated in the figure caption, the contribution of the P v term is very small and can be neglected, similarly to the case of 2-propanol. As for 2-propanol, approximation A 1 is superior to A 0 , and both are superior to A 0 , which is not too different from the c res P (classical) result. The agreement of c res P (sim) with the experimental curve is excellent at the lowest temperatures, but diverges below it at higher temperatures, where A 1 is better.
V. CONCLUSIONS 1. We have derived the correct procedures to calculate, by means of molecular simulation using a classical force field (FF), the total value (incorporating ideal-gas (IG) contributions obtained separately using thermochemical tables or from quantum mechanical calculations) of a thermodynamic property of a fluid whose molecules are modelled by a FF expressed as a sum of intramolecular and intermolecular terms.
2. The total value of a volumetric property is calculated by adding the separately obtained IG value to a residual value calculated using the same methodology as for a rigid force field, by substituting the rigid intermolecular FF in the algorithm by the total FF including the intramolecular and intermolecular terms. The calculation of the total value of a caloric property requires the additional calculation and incorporation of the simulation value of the relevant property for a single molecule containing only the intramolecular component of the FF.
3. An interphase caloric property resulting from the difference of a property's value between two phases at the same T , is correctly calculated using approximation A 0 for each phase. Approximation A 1 , which calculates the property in each phase using only the intermolecular FF contributions, is equivalent to assuming that the intramolecular contributions to the property in each phase are identical. This is likely a reasonable approximation if the phases are solid or liquid. were calculated by the MATLAB Script of Fig. 1 , and can be considered to be exact to the number of digits given. The u inter config and u intra config values are simulation results, whose standard deviations obtained by the block average method [21, 28] , are approximately 0.05. Thee value of the P v term in Eq. (33) , as a function of temperature. All heat capacities are in J mol −1 K −1 . c res P (classical) was obtained by subtracting the c IG P value [25] given by Eq. (61) from the GROMACS value of c P (classical) All results were obtained from 10 independent simulation runs, and the values in parentheses denote one standard deviation. The contribution of the P v term in Eq. (33) is less than 0.001 J mol −1 K −1 at all temperatures. The data are shown for 2-propanol (open symbols) and for MEA (filled symbols) as a function of temperature. u intra config for 2-propanol is shown for P = 1.01325 bar, and for MEA at P = 1 bar, and u IG intra is a function of temperature only. Apart from u IG intra for 2-propanol, which was calculated using the MATLAB script in Fig. 1 , the points are simulation results obtained as described in the text. The curves are drawn as an aid to the eye, and the simulation standard deviations lie within the symbol sizes. (31) and its approximations, calculated using the force field of Jorgensen [7] at P = 101.325 kPa. The simulation values are indicated by open circles. Approximation A 0 (filled squares) omits the u IG intra (T ) term, and approximation A 1 (filled circles) sets u intra config = u IG intra (T ). The curves are drawn using the regression coefficients in Table II and smoothed exact results for u IG intra (T ) in Table I . The simulation standard deviations lie within the symbol sizes. (T ) as a function of temperature. The upper figure shows data for 2-propanol and the lower figure shows data for MEA. The 2-propanol data are essentially exact, and were calculated using Eq. (56) and the MATLAB script in Fig. 1 . The MEA data were calculated using Cassandra 1.1 as described in the text. The uncertainties indicate one standard deviation of the results obtained from 10 independent simulation runs. The residual heat capacity, c res P (sim), of 2-propanol using the OPLS force field of Jorgensen [7] at P = 1 atm., as given by Eq. (42) and its approximations c res P (A 0 ), c res P (A 1 ) and c res P (classical) described in the text. The curves are calculated from the regression coefficients in Table II and the equations described in the text. The experimental curve shown for comparison is calculated from the total c P values of Rayer et al. [26] and c IG P values from the correlation of Yaws [25] . The numbers in parentheses denote the standard deviations of the indicated quantities, calculated from the covariance matrix of the parameters in the regression in Table  II as described in the text, and for the experimental results it is a subjective estimate based on the scatter of the literature results for the experimental c P values. (31) and its approximations, calculated using the force field of Caleman et al. [14] at P = 1 bar. u res (sim) (open circles) is given by u total config −u IG intra (T ). Approximation A 0 (filled squares) omits the u IG intra (T ) term, and approximation A 1 (filled circles) sets u intra config = u IG intra (T ). The simulation standard deviations lie within the symbol sizes. The residual heat capacity, c res P (sim), of MEA using the OPLS force field of Caleman et al. [14] at P = 1.01325 bar, as given by Eq. (42), and its approximations c res P (A 0 ), c res P (A 1 ) and c res P (classical) using the data of Table IV. All results neglect the contribution of the P v term, which is very small and within the simulation uncertainties. The experimental curve shown for comparison is calculated from the total c P values of Katayama [23] and c IG P values from the correlation of Yaws [25] .
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